I -INTRODUCTION
High purity, dense, fine grain, mullite ceramics could be interesting materials for uses in various fields (mechanical engineering, electronics, optics). However, few studies have been devoted to such "high-tech" mullites, in contrast to the numerous studies which have been performed on "common" mullites, e.g. refractories. The present work has chosen a preparation by reaction-sintering which offers the advantage of using alumina and silica powders as starting materials, i.e. powders which can easily be found in high purity and fine grain grades. The influence of two additives has been examined : iron oxide -because iron is frequently introduced by millingand zirconium oxide -because Zr02 inclusions can improve properties of mullite / I / . I1 -EXPERIMENTAL I1 -1 -PREPARATION AND SINTERING OF SPECIMENS Starting materials were a alumina' and amorphous silicac'.
Zr02 and Fez03 were added using laboratory grade Zr (NO )q 5H 0 and Fe(N03)3 .9H20. The procedure was as follows: the amount of nitrate requires was aissolved in dilute (2 0.1 N) HN03. The oxide mixture was dispersed in the solution to give ahomogeneous suspension and then the pH of the suspension was gradually increased using dilute (= 0.1 N)NHqOH until the corresponding hydroxide precipitated. After filtration and drying, the filter cake was crushed and calcined at 600'~ for 2 h to assure transformation of the hydroxide into oxide. All powder mixtures were ground by attrition milling in ethyl-alcohol with zirconia grinding media. The ground and dried powder mixtures were mixed with 3 wt % polymethylmethacrylate (binder) dissolved in ether and dried on a hot plate while being mixed continuously. The powder mixtures were then prepared for dry pressing by crushing and passing through a 200 sieve. Specimens in the form of discs (diameter= 30 ma, thickness = 3 to 5 m) were obtained 'by cold pressing un6er = 150 MPa in a floating steel die using a simple effect hydraulic press. To obtain a better compaction and to minimise defects /2/, the lower piston of the pressing assembly was ul- trasonically vibrated (frequency = 20 kHz, amplitude = 10 pm, during the first 3 seconds of pressing. The specimens were fired in an electric &mace of low thermal inertia. The organic binder was burnt off by heating slowly (= 15'c/min) to 800'~ then the specimens were heated rapidly (= 60°c/min) to the soaking temperature. After sintering,specimens were allowed to cool naturally in the furnace. The shrinkage behaviour during sintering of some of the mixtures was obtained by dilatometric measurements on rectangular specimens (4 mm x 4 m x 20 m) cut from pressed pellets.
I1 -2 -CHARACTERIZATION OF SINTERED SPECIMENS
The bulk density was determined using the water dispixem~nt technique. Microstructures of thermally etched (20 min at 1500~~) specimens were obserced using SEN. The crystalline phases were determined by XRD. The quantity of a-A1 O3 present in fired specimens was determined using SA/(SA + ratio, measured on $he XRD pattern (SA and 3 are respectively the areas under a-A1 O3 (113) peak and d l i t e (210) peak),
and t e curve SEJ(SA + SM) versus wt % a -~l~8~, constructed from XRD patterns of mixtures of mullite and a-A1203 containing 5, 10, 15, 20, 30 and 40 wt % cl-A1203.
The shrinkage curves for powder mixtures of 71.8 w t % A1203 composition and of 0.45, 0.60, and 0.80 pm mean particle size ( Fig. 1 ) consist of distinct zones. Sudden changes in the shrinkage rate around 1300'~ and over 1400°C show that the sintering process is affected by two phenomena. Three samples of the finest powder were fired for 1 h at 1190, 1310 and 1 4 0 0~~ (temperatures corresponding to the points marked on the corresponding shrinkage curve) and analysed by XRD. The results show that the phenomenon at = 1300'~ is the transformation of amorphous silica into cristobalite and that the one occuring over 1400'~ is the formation of mullite at the expense of a-A1 O3 and cristobalite. Contrary to what would be expected for a transformation of a ?ow dense phase into a high dense phase, the crystallization of amorphous silica (p = 2.22 g an-3) into cristobalite (p = 2.32 g cm-3) is accompanied by a decrease of the shrinkage rate. Two possible reasons are : (1) the elimination of amorphous phase (amorphous silica) which may have facilitated diffusion mechanisms at low temperatures, and (2) the development of microflaws due to the sudden contraction of SiO2 zones, reducing particle to particle contacts. The increase of the shrinkage rate as cristobalite develops may be due to the formation of a metastable liquid phase at cristobalite /a-A1203 contacts in accordance with the a-A1201j/ cristobalite metas-
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Temperature e) Over 1400°~, the development of mullite (p = 3.16 g anm3) at the expense of the a-A1203 + cristobalite mixture (0 = 3.31 g cm-3) causes a net overall expansion. Furthermore it can be seen that the finer the particle size the is higher the total shrinkage before mullitization begins. This shows that a decrease in particle size has a beneficial influence on sintering, which can be used to improve densification before mullitization during reaction-sintering of A1203/Si02 mixtures, thereby reducing the difficulty in sintering caused by the mullite formation. . XRD patterns given in Fig. 2 , which correspond to the specimens fired at 1600°c for 10 h, show that in addition to mullite free a-A1203 is present in 75.0, 77.3 and 80.0 wt % A1203 compositions. This is confirmed by micro-photos given in Fig. 3 (the higher t k A1203 content in the initial mixture, the higher the free a-A1203 (white grains)content in the fired product). For each of the three compositions, the alumina content in the mullite solid solution was calculated using the estimated free a-A1203 content ( If the silica rich end of the mullite solid solution is 70.5 wt % Al 03,as proposed by Aksay and Pask /3/, or 71.8 w t % A120 ,as proposed by Aramaki and 6oy /4/, the sintered 68.0 wt % A1203 specimen shoula contain = 3.5 or = 5.3 w t % free silica respectively and the sintered 71.8 % A1203 spec!men should contain only mullite. However, because the sintering temperature 1s hlgher than the eutectic temperature of the stable cristobalite-mullite phase diagram (= 1587°C according to ref. 3) and the cooling conditions are far from equilibrium conditions, one can expect a mixture of mullite and a silica rich glassy phase in sintered 68.0 w t % A1203 specimens : indeed, no crystalline free silica was observed in 68.0 and 71.8 wt % U2O3 compositions sintered at 1600"~. Hence our observations are not contradictory to any of the two values proposed for the silica rich end of the mullite solid solution. To determine the densification, the theoretical density (po) of each fired composition was calculated under the following assumptions. 1. The range of the mullite solid solution varies from 71.8 to 74.8 wt % A1203 and its density varies from 3.16 to 3.22 g ~m -~. 1000 1100 1200 1300 1400 1500
Final densification of specimens 2. Excess alumina is present in the form of a-A1203 (density = 3.98 g whereas excess silica is present in the form of a vitreous phase. The density of the latter was considered to be similar to that of the amorphous silica used (i.e. 2.22 g cN3). Densification versus wt % A1203 curves are given in Fig. 4 . Out of the four compositions close to the domain of mullite solid solution (68.0, 71.8, 75.0 and 77.3 wt % Al 0 ), the 71.8 wt % A1203 composition has the highest densification and the 75.0 wt2%3~1203 composition has the lowest densification, when sintered under any of the indicated conditions. The composition having 80.0 wt % M203 densifies as well as the 71.8 wt % A1 0 composition due to the presence of a high amount of free a-Al 0 . ; (' 20.5 wt %f,3which densifies almost completely in 2 h at 158pC. The 75 wt $ A1203 composition, for which the densification is minimum, exhibits a peculiar grain growth leading to a microstructure containing both elongated grains (= 30 1~m x 7 m') and equi-axed grains (= 5 pm x 5 m) . The microstructures of the other compositions are mainly equi-axed.
I11 -3 -EFFECTS OF ADDITIVES
The additives studied are iron oxide and zirconium oxide. The former was selected because iron is a common impurity introduced at different stages of industrial processing, if special care is not taken, and the latter was selected because it has been already chosen to improve mechanical properties of mullite /I/, /5/. The composition of the alumina/silica mixture selected was 71.8 wt % M203 and the amounts of each additive studied were 0.75 and 1.5 wt %. According to the shrinkage curves (Fig.   5 ) the temperature at which densification starts is decreased by iron oxide whereas zirconium oxide does not have any effect. Also, iron oxide brings down both the temperature of amorphous silica to cristobalite transformation and that of mullite formtion by about 75°C. The total shrinkage at 1500°C is less for the mixture contai- ning iron oxide than for the other two mixtures. This seems to be due to (1) the early formation of cristobalite causing an early retardation of densification & and (2) the lowering of mullite formation temperature giving more mullite at 1500 C which results in more pronounced dilatometric effects. However, the mixture with 1.5 wt % iron oxide reaches its maximum densification (97.3 %) in less than 2 h at 1 6 0 0~~ (Table 2) whereas the other mixtures continue to densify even after 2 h at this temperature and reach a densification comparable to that of the former in 10 h. Hence iron oxide improves both reaction and final densification. Although zirconium oxide seems to have no effect on reaction, it has a positive effect on densification, but less pronounced than that of iron oxide. With the experimental results available at present, we cannot give an explanation of the improvement of both reaction and densification kinetics caused by iron oxide at low temperatures (< 1250~C), where it does not seem that a liquid ghase can appear. In contrast, the completion of densification in less than 2 h at 1600 C, in the presence of iron oxide, may be a result of a transient liquid phase formed between Fe304 and SiOZ at temperatures over their eutectic temperature (145S°C).
IV -CONCLusIoN
Nearly dense (= 97 %), fine grain (= 5 p~) mullite ceramics can be achieved by reaction sintering of a-alumina and amorphous silica mixtures for some hours at 1600°C. The alumina to silica ratio appears to be a critical parameter : the composition corresponding to 3 A1203.2 SiO stoichiometric mullite (= 71.8 wt % Al2O3).1eads to the highest densificatlon and tfie lowest grain growth, whereas the composltlon near the alumina rich end of the domain of mullite solid solution (= 75.0 wt % A1 0 ) exhibits poor densif ication and excessive grain growth. Iron oxide enhances both $?litization 
